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ABSTRACT

The radiative and microphysical characteristics of 17 precipitating systems observed by the Tropical Rainfall
Measuring Mission (TRMM) satellite over Manus, Papua New Guinea, and Nauru Island are modeled. These
cases represent both deep and midlevel convection. Reflectivity data from the TRMM precipitation radar and
Geostationary Meteorological Satellite infrared radiometer measurements are used to parameterize the three-
dimensional cloud microphysics of each precipitating cloud system. These parameterized cloud properties are
used as input for a two-stream radiative transfer model. Comparisons with measurements of broadband radiative
fluxes at the top of atmosphere and the surface show agreement to within 20%. In cases in which the convective
available potential energy (CAPE) is large, deep convective clouds with extended anvil decks form, containing
layers of ice crystals that are too small to be detected by the TRMM radar but have a large optical thickness.
This results in maximum shortwave heating and longwave cooling near cloud top at heights of 12-14 km. When
CAPE is small, convective clouds extend only to midlevels (4—7 km), and there are no cloud layers below the
detectability limit of the TRMM radar. Radiative heating and cooling in these cases are maximum near the
freezing level. A sensitivity analysis suggests that the small ice crystals near the cloud top and larger precipitation-
sized particles play equally significant rolesin producing the high albedos of tropical anvil clouds. A comparison
of the radiative heating profiles calculated in this study with latent heating profiles from previous studies shows
that for cases of mature deep convection near local solar noon, the maximum radiative heating is 10%—30% of
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the magnitude of the maximum latent heating.

1. Introduction

Deep convection and its associated anvil outflow
cause a large perturbation in the radiation budget by
increasing the shortwave albedo and reducing the in-
frared emission to space over timescales of one to sev-
eral days and spatial scales on the order of the size of
a genera circulation model (GCM) grid box. These
cloud systems affect the local radiative heating profile
through shortwave heating near cloud top, longwave
cooling near cloud top, and longwave warming near
cloud base. They also cause a large surface shortwave
and longwave cloud forcing. Both large and small ice
crystals contribute to the radiative impact of these
clouds (McFarquhar and Heymsfield 1996), but the rel-
ative amounts of small and large particles under dif-
ferent conditions are not well known.

The role of convective cloud systems in cloud radi-
ative feedback and how it will change as climate chang-
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es have recently come under scrutiny. Ramanathan and
Collins (1991) suggest that deep convective clouds and
anvils act as a *‘thermostat’ for tropical ocean temper-
atures. As the sea surface temperature (SST) increases,
deep convective activity increases, resulting in more
anvil outflow with greater optical thickness. This in-
creases the cloud albedo which, in turn, decreases the
solar energy absorbed by the ocean surface, regulating
sea surface temperatures. More recently, Lindzen et al.
(2001) suggest that warmer SSTs result in more efficient
conversion of growing droplets to precipitation-sized
particlesin deep convection, resulting in greater rainfall
and subsequently less cloudiness associated with these
systems. These differing views of deep convectivecloud
feedback in the Tropics raise the need for a more com-
plete understanding of these cloud systems and their
radiative impacts.

In this paper we model the radiative properties of
several tropical convective anvil systems, using satel-
lite-based observations to describe the cloud and pre-
cipitation properties. The modeled radiation fields are
compared with observations at the surface and the top
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of atmosphere (TOA) and related environmental and
cloud characteristics. In section 2 of this paper the data
sources are described. Section 3 describes the methods
used in this study, including the parameterization of
cloud and precipitation properties, the radiative transfer
model and the case studies investigated. In section 4,
the sensitivity of the modeled fluxes to assumptions in
the cloud and precipitation parameterizations is de-
scribed. Section 5 presents the calculated broadband
heating rate profiles and discusses their implications.
Section 6 summarizes the conclusions of this study.

2. Data
a. Tropical Rainfall Measuring Mission (TRMM)

TRMM is a satellite mission jointly conducted by the
National Aeronautics and Space Administration
(NASA) and the National Space Development Agency
(NASDA) of Japan. The main emphasis of this mission
is the monitoring and study of tropical rainfall and the
associated latent energy release on climatological time-
scales. Of secondary importance to the goals of the mis-
sion, but of comparable importance to the tropical cli-
mate, is the study of the radiative and cloud character-
istics of tropical convective systems. The TRMM sat-
ellite was launched in November 1997 with a payload
(Kummerow et al. 1998) including the first spaceborne
precipitation radar (PR), a passive microwave sensor, a
visible and infrared scanner, the Clouds and the Earth’'s
Radiant Energy System (CERES) (Wielicki et al. 1996),
which measures TOA longwave and shortwave radi-
ances, and the Lightning Imaging Sensor (LIS) (Chris-
tian et al. 1999), which detects and locates lightning.

In this study we use radar reflectivity data from the
PR to identify precipitating convective systems and pa-
rameterize their ice/liquid water content (I/LWC). The
PR has a horizontal resolution at the surface of ap-
proximately 4 km and a swath width of 220 km with a
vertical resolution of approximately 250 m. It, therefore,
provides an instantaneous three-dimensional (3D) snap-
shot of convective system structure. The I/LWC profiles
derived from the PR dataare used asinputsto aradiative
transfer model, which calculates broadband radiative
fluxes and heating rate profiles. We compare modeled
radiative fluxes at the TOA to the CERES standard data
product ES-8, which contains ERBE (Earth Radiation
Budget Experiment)-like instantaneous TOA fluxes. The
CERES instrument measures upward radiance in three
different channels: shortwave (0.3-5 um), water vapor
window (8-12 um), and total (0.3 to >100 wm), with
ahorizontal spatial resolution of 10 km. These radiances
are then converted to instantaneous radiative flux esti-
mates at the TOA for each CERES field of view as part
of the ES-8 data product.
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b. Atmospheric Radiation Measurement (ARM)
Program

The ARM Program was created in 1989 with a main
focus on improving the performance of general circu-
lation models used in climate studies (Stokes and
Schwartz 1994). In order to do this, ARM established
several field-monitoring sites that record continuous
measurements of surface radiation, clouds, atmospheric
state, and surface meteorological data over climatolog-
ical timescales. The locations of these sites have been
chosen to represent a variety of climatic regimes and
address the radiative energy balance in strategic areas
of the globe. The tropical western Pacific (TWP) ARM
site at Manus, Papua New Guinea (2.058°S, 147.425°E)
(Mather et al. 1998), has been operational since October
1996, and the second site at Nauru Island (0.53°S,
166.92°E) began operations in November 1998. Dia-
batic heating associated with clouds and precipitation
in the tropical western Pacific region is an important
driving mechanism for the general circulation (Hart-
mann et al. 1984). For this study we employ ARM con-
tinuous measurements of the downwelling broadband
shortwave flux. Broadband solar (280—2950 nm) fluxes
are measured by Epply thermopile detector pyranome-
ters, which provide 1-min averages of the flux within
+5% or =10 W m~2 (Mather et al. 1998). The ARM
suite of instruments also includes a 35-GHz millimeter
cloud radar (MMCR) specifically designed to observe
the small hydrometeors that compose clouds. We also
use daily radiosonde profiles of temperature and hu-
midity as input to a radiative transfer model and Geo-
stationary Meteorological Satellite (GMS) IR images of
the TWP sites and surrounding region to locate con-
vective cloud tops.

3. Methods and analysis

We use a combination of remote sensing observations
to parameterize the 3D water content of a deep con-
vective system and its associated anvil outflow. We as-
sume that the hydrometeors obey a lognormal size dis-
tribution (Ackerman et al. 1988) whose parameters de-
pend on temperature and radar reflectivity. These hy-
drometeor size distributions are then used as input to a
radiative transfer model. The calculated fluxes are then
compared with measurements from CERES at the TOA
and ARM at the surface. The parameterizations and
model are described below.

a. Model description

In order to describe the 3D I/LWC structure of the
deep convective system, we parameterize the I/LWC as
a function of the equivalent radar reflectivity factor Z,
from the TRMM PR. For heights below the freezing
level, we employ a parameterization of raindrop liquid
contents based on the Marshall-Palmer (Marshall and
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Palmer 1948) distribution with LWC = 0.00422% and
a mean diameter of D,, = 1500 um. Use of the equiv-
alent radar reflectivity factor Z, contains the underlying
assumption that the scatterers in the radar volume are
liquid dropsthat are small in comparison with the wave-
length. In cases in which the scattering particles are
more likely composed of ice particles, we use the ice
equivalent radar reflectivity factor given by

Z = (KZ/K?)Z,

(Smith 1984), where K,, (K,) is the dielectric constant
for liquid (ice) water. For the TRMM PR wavelength,
a value of (K2/K?) = 5.28 is used. When the height is
greater than the freezing level, two separate regimes are
parameterized. For PR radar reflectivity dBZ, > 29, we
assume IWC = 0.001Z2¢% with D, = 200 um, and for
dBZ, = 29 an upper limit of IWC = 2.5 g m~2is used.
These parameterizations were derived for tropical is-
land—based deep convection during the Maritime Con-
tinent Thunderstorm Experiment (MCTEX) (Jensen et
al. 2002).

The resulting 3D representation of the hydrometeor
size distributions is then used as input to a two-stream
radiative transfer model (Toon et al. 1989). This model
uses a correlated-k technique for absorption by atmo-
spheric constituents (Kato et al. 1999) for 26 bands in
the solar spectrum from 0.25 to 4.5 um and 18 bands
in the IR from 4.8 to 35.8 um. The profiles of temper-
ature and water vapor are taken from the nearest sound-
ing preceding the TRMM overflight time. The model
uses Mie scattering theory to calculate the single scat-
tering properties of cloud and precipitation hydrome-
teors. Previous studies conclude that Mie theory is not
appropriate for calculating single scattering properties
of ice crystals, specifically, the asymmetry parameter
that has a mean value of g = 0.89 for Mie calculations
should have a value nearer g = 0.7 (Stephens et al.
1990; Francis et a. 1994). We use the Mie-calculated
scattering properties except for the asymmetry param-
eter, which is set to 0.7 for al solar wavelengths. We
use an independent pixel approximation (IPA) (Cahalan
et al. 1994); that is, we treat each column as plane
paralel and homogeneous and neglect interactions be-
tween columns. The vertical resolution is identical to
the 250-m PR resolution. The result is a 3D field of
modeled upwelling and downwelling fluxes and heating
rates for each column and model level.

b. Case study—20 June 1998, Manus Island

At 0259 UTC 20 June 1998 (1248 LT), the TRMM
satellite ground track was within 40 km of the Manus
ARM site. At this time the TRMM satellite observes a
portion of a mature cloud merger over Manus, which
includes deep convective core regions, connecting strat-
iform regions, and a large cirrus anvil. Convective core
regions are identified as areas that lack a radar bright
band and show surface rain rates, as determined by the
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TRMM PR rainfall algorithm (TRMM data product
2A23), in excess of 100 mm h-t, Stratiform regions
have a clearly defined radar bright band and much lower
rain rates. Figure 1 shows a set of four GMS infrared
images (0131-0431 UTC) of this region with the lo-
cation of the ARM Manus site indicated by the “M.”
The IR brightness temperatures are less than 200 K in
the strongest convective towers and increase farther
away. The main convective area moves from east to
west over the Manus site, such that the convective tow-
ers are directly over the site at 0131 and 0231 UTC. At
the time of the TRMM overflight, the convective region
has moved to the west of the island with a stratiform
rain region extending over the site. The IR brightness
temperature over the Manus site at the time of the
TRMM overflight is 205 K. We observed very high
visible albedo, ranging between 0.65 and 0.75, over
much of the cloud area, the highest albedos being lo-
cated near embedded convective towers. Figure 2 shows
the TRMM radar echo-top height. Three separate con-
vective towers are evident in the Manus region. These
areas, wherethe TRMM radar detects higher echoesthan
neighboring areas, are located at (3.0°S, 146.6°E),
(3.1°S, 147°E), and (1.5°S, 148°E), and have echo-top
heights of 14-16 km.

The collocation of the observations from the TRMM
satellite allows us to compare the radiative fluxes mod-
eled from the PR observationswith the flux observations
from the CERES instrument. Figure 3 shows a com-
parison of the TOA-modeled broadband shortwave and
longwave fluxes and measurements from CERES. For
this comparison, we assume that the radiative fluxes do
not vary on scales smaller than the CERES data product
(10 km). Each calculated radiative flux is compared with
the nearest CERES measurement. This comparison
shows a rather poor agreement between the measured
and modeled fluxes. Upwelling shortwave fluxes at the
TOA are generally greater than the modeled fluxes with
a mean difference of 56.1% + 28.3%. Likewise, the
modeled upwelling longwave flux shows poor agree-
ment with observations, with amean difference of 104%
+ 30.5%. These large discrepancies are due to the role
of cloud particles that are not detected by the TRMM
PR.

The TRMM PR is not designed to detect small cloud
particles, and, thus, the radar-detected cloud top is, in
general, not the actual cloud top. In order to account
for the small-particle cloud-ice near the top of the anvil
complex, we have derived a simple linear relationship
between the temperature and ice water content using
MMCR reflectivity measurements and radiosonde tem-
perature profiles. The ARM MMCR on Manus has been
operational since June 1999. Because data are not avail-
able for the 20 June 1998 case, we search for TRMM
observations of the edges of anvil systems over Manus
Island. For the cases we have identified, only one sat-
isfies the criteria of including MMCR observations of
the edge of the anvil complex (000525). The left-hand
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Fic. 1. GMS IR brightness temperature (K) for (a) 0131, (b) 0231, (c) 0331, and (d) 0431 UTC 20 Jun 1998. The location of the Manus
ARM site is indicated by the M.

panel of Fig. 4 showsthe MM CR radar reflectivity factor
for 25 May 2000. Also noted in the figure are the IR
equivalent cloud-top height (X) for each GMS satellite
image, the time of the TRMM overflight (vertical line),

and the echo-top height observed by the TRMM PR
(O). The right panel of Fig. 4 shows the TRMM PR
radar reflectivity profile for Manus at the time of the
overflight.



1238

-1.5

latitude

I
I
3

i

JOURNAL OF APPLIED METEOROLOGY

VOLUME 42

TRMM PR 2A23 Storm Height 20 June 1998 x 10°

1.8

1.6

1.4

NO DATA

147 147.5

é.

longitude

148 148.5 149

Fic. 2. TRMM PR echo-top height (m) for 0259 UTC 20 Jun 1998. The location of the Manus ARM site is indicated by the M.

We use the MMCR reflectivity to parameterize the
IWC and assume a simple quantized linear relationship
between temperature and particle size (Table 1), based
on in situ arcraft observations by Heymsfield and
McFarquhar (1996) during the Central Equatorial Pa-
cific Experiment (CEPEX). These cloud microphysical
properties are used as input to the radiative transfer
model described above. We tried several different IWC
= aZb parameterizations, including two from Heyms-
field and Palmer (1986) and one from Jensen et al.
(2002). For each model run, using a different parame-
terization, we compare the modeled downwelling short-
wave flux at the surface with the surface radiometer
observations. Figure 5 shows the results of two of these
model runs. The closest fit between the model and ob-
servation data was obtained when using the Jensen et
a. (2002) parameterization, IWC = 0.5Z93%. Welinearly
decrease this IWC by multiplying by e, which decreases
from 1 by steps of 0.01 until the fit between modeled
and measured fluxes is a minimum (e = 0.5). We use

the parameterized values of IWC = 0.5(0.529%) for the
anvils in the Manus region.

Figure 6 shows the mean IWC at each radar range
gate level plotted as a function of temperature from the
nearest sounding. The results show a linear trend with
a least sgquares fit of IWC (g m—3) = 0.0032T (°C) +
0.3135. We use this relationship to describe the IWC
between the top of the radar echo and the IR equivalent
cloud-top height. The IR equivalent cloud-top height is
defined as the height of the environmental temperature
that matchesthe GM S IR brightnesstemperature, agood
estimate for the optically thick clouds that are our focus.

Figure 7 is similar to Fig. 3, but now compares the
CERES-observed fluxes with the modeled flux using
the derived relationship for IWC in the region between
the TRMM echo-top height and the IR equivalent cloud-
top height. This figure shows that the TOA upwelling
shortwave fluxes generally agree to better than 10% with
amean of 1% = 9.6%. For longwave fluxes this agree-
ment is also quite good, with amean of —2.9% *+ 5.3%.
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Fic. 3. Comparison of the modeled upwelling broadband shortwave radiation at the TOA and observations from the CERES instrument
aboard the TRMM satellite for the 20 Jun 1998 deep convective case using only TRMM PR data to parameterize the cloud microphysics.
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FiG. 4. (left) The 35-GHz millimeter cloud radar reflectivity at Manus Island on 25 May 2002. The hourly GMS IR equivalent cloud-top
heights are indicated by the Xs. The vertical line indicates the time of the TRMM satellite overflight, with the TRMM PR storm height
indicated by the O. (right) The TRMM PR reflectivity profile over the Manus ARM site.

Some large discrepancies are seen near precipitation re-
gion edges, where the |PA breaks down, and differences
in CERES and TRMM resolution result in poor com-
parisons. Thisagreement to within 10% is slightly better
than previous studies (Jensen et al. 2002) of deep con-
vective systems during MCTEX. These errors are at-
tributed to uncertainties in the parameterization of the
hydrometeor size distributions and to limitations in the
[PA.

c. Case study—9 February 1998

At 2225 UTC February 1998 (0815 LT), the TRMM
satellite ground track was within 80 km of the Manus
ARM site. At this time the TRMM satellite observes a
region of midlevel precipitating cloud over Manus. Fig-
ure 8 shows a set of four GMS IR images (2131-2331
UTC) of this area. This cloud system is characterized
by relatively high IR brightness temperatures over Ma-

TABLE 1. Mean ice particle radius as a function of temperature,
derived from data in Heymsfield and McFarquhar (1996).

Temperature Mean radius

0 (nm)
T=-21 220
-3l=T<-21 182
—-41=T< -31 144
-51l=T<-41 106
-61=T< —-61 68
T< -61 30

nus (260-270 K), the absence of a radar bright band,
and a mean surface rain rate of less than 50 mm h-1.

The visible albedo is much lower than the deep con-
vective case, ranging between 0.2 and 0.45. Thereis a
deep convective cell approximately 200 km to the south-
west of Manus with IR brightness temperatures as low
as 225 K; however, the much warmer cloud tops over
Manus do not seem to be associated with this system.
If we assume that the clouds over Manus are optically
thick, then the cloud-top height is about 6 km, just above
the environmental freezing level (~5.1 km). Figure 9
shows the echo-top height from the TRMM PR reflec-
tivity measurements. The echo tops over Manus are on
the order of 5 km. Note that for this case, there is a
relatively small difference between the IR equivalent
cloud-top height and the TRMM PR echo-top height,
in comparison with the 20 June 1998 deep convective
case.

Figure 10 shows a comparison of the modeled up-
welling broadband fluxes at the TOA and measurements
from the CERES instrument. This comparison shows
that for shortwave fluxes, the model underestimates the
reflected shortwave radiation with a mean of —28.8%
+ 29%. These large discrepancies are most likely the
result of two effects. First, the elongated shape of the
precipitation area results in large underestimates of re-
flected shortwave radiation when compared with a pre-
cipitating pixel and large overestimates in honprecipi-
tating columns. This explains the large differences near
2°S, 147°E and to the south and southwest of Manus.
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FiG. 5. Modeled broadband downwelling shortwave flux at the surface using different Z—IWC param-
eterizations. The curves use the parameterization of Jensen et a. (2002), IWC = 0.5Z93% (J02, solid); that
parameterization decreased by 50%, IWC = 0.5(0.529%) (J02, dashed); the parameterization of Heymsfield
and Palmer (1986), IWC = 0.017Z9%* (HP86, solid); and that parameterization increased by 50%, IWC
= 0.5(0.017295%) (HP86, dotted). The dotted lines represent the observations and the clear-sky calculation.

Second, we expect a much larger contribution to the
total optical thicknessfrom liquid cloud dropletsin these
midlevel cases in comparison with the deep convective
cases. The cloud liquid particles are not accounted for
in our parameterizations. For longwave fluxesthe agree-
ment is much better with a mean of —7.5% = 9.5%.
The emitted longwave flux is closely tied to the total
liquid water path (LWP) rather than the particle sizes.
The much better agreement in the emitted longwave in
comparison with reflected shortwave may indicate that
the precipitation-sized particles detected by the TRMM
PR represent a significant portion of the LWP compared
to a smaller fraction of the total optical depth. Thereis
also a contribution to the upwelling longwave flux at
TOA from water vapor present above the cloud. This
will act to offset decreased longwave emission from the
cloud due to an underestimation of the LWP

d. Additional precipitating cases

In addition to the 20 June 1998 and 9 February 1998
cases, 15 additional storms were investigated. The only
criterion used in choosing these cases was that the
TRMM PR detect precipitation over the Manus and Na-
uru ARM TWP sites during the daytime. Table 2 sum-
marizes the date, time, location, mean radar echo-top
height, and mean IR equivalent cloud-top height of all

precipitating cloud systems observed simultaneously by
TRMM and ARM during the time from the launch of
TRMM until 31 December 2000.

In order to further characterize the 17 cases, we con-
sider the environmental soundings and storm-averaged
quantities for each case. For each of the columns con-
taining a TRMM PR radar return for each of the 17
cases summarized in Table 2, we have constructed pro-
files of the microphysical properties of the cloud column
using the TRMM PR reflectivity, the GMSIR brightness
temperature, a set of Z-I/LWC parameterizations, and
assumptions about the particle sizes and distribution
shapes. The 17 cases can be divided into three distinct
subsets, based on their mean radar/radiative properties
and the thermodynamic environment in which they form
(see Table 2). Four of the cases (980209, 980328,
990623nauru, 990726) are characterized by midlevel IR
equivalent heights (<7 km) that are equal to (or in some
cases even less than) the radar echo height, implying
that the radar may be detecting the actual cloud-top
height. Nine of the cases show relatively deep IR equiv-
alent heights (>9 km), with as great as a 6.5-km dif-
ference between the mean radar echo-top height and the
mean IR equivalent cloud-top height. The remaining
four cases (980404, 990718, 990720nauru, 990726) are
near edges of deep convective regions and may not be
representative of the system as a whole.
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analysis.

Figure 11 shows a comparison between the modeled
and 10-min mean measured shortwave cloud forcing at
the surface in the column directly over Manus (or Na-
uru). For 12 of the 17 cases, the modeled shortwave
cloud forcing at the surface agrees with the measured
shortwave cloud forcing to within 20%. In general, the
model tends to underestimate shortwave reflection. Al-
though the two cases that show the poorest agreement
between model ed and measured values are midlevel cas-
es, the calculations for the remaining two midlevel cases
show rather good agreement with observations. There
are several possible explanations for the observed dis-
crepancies. 1) uncertainties in the parameterization of
cloud microphysics, 2) a breakdown of the IPA due to
cloud geometry, and/or 3) aneglect of cloud liquid water
in the model. I/LWC have been shown to vary depend-
ing on factors such as location, type of storm, and dy-
namics of the storm (Sassen 1987; Sauvageot 1992).
The parameterizations for IWC used in this study are
taken from Jensen et a. (2002) and were developed for
deep convective cloud systems over the Tiwi Islands,
near Darwin, Australia. We assume that these parame-
terizations are applicable to the systems in this study,
however, the deep convective systems over Manus and,
especially, Nauru are more likely to be oceanic in char-
acter as compared with the island-based systems of
MCTEX. Oceanic storms tend to rain more lightly and
have lessvigorous updraftsimplying smallericecrystals

than land storms (Del Genio and Kovari 2002). Because
Z, is sensitive to large particles, more ice mass is re-
quired to produce a given Z, over ocean than land. A
parameterization developed for continental storms, thus,
probably underestimates IWC in maritime storms. The
absence of any studies dealing specifically with the pa-
rameterization of I/LWC from radar reflectivity in oce-
anic convective systems leaves us no choice but to use
the parameterization from Jensen et al. (2002). In ad-
dition, cloud-resolving model simulations matched to
TRMM Microwave Imager (TMI) radiances indicate a
nonnegligible contribution to optical depth from cloud
liquid water (Del Genio and Kovari 2002), which is not
included in our radiative transfer model.

In cases where Manus (or Nauru) lies near the edge
of acloud, or near aregion of high-reflectivity gradient,
it is expected that the IPA will break down and 3D
radiative effects can become significant. There are four
cases (990623nauru, 990720nauru, 990726, 001225) in
which the model underestimated the surface shortwave
cloud forcing by greater than 25% and by as much as
51%. As a simple estimate of the horizontal heteroge-
neity of the precipitation, we calculate the difference
between the modeled cloud forcing of the pixel over
Manus and the mean modeled cloud forcing of the pixels
adjacent to the Manus pixel. The cases in which the
largest differences between modeled and measured
cloud forcing occurred were also the cases with the
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Fic. 7. Comparison of the modeled upwelling broadband shortwave radiation at the TOA and observations from the CERES instrument
aboard the TRMM satellite for the 20 Jun 1998 deep convective case.
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Fic. 8. GMS IR brightness temperature (K) for 2225 UTC 9 Feb 1998. The location of the Manus ARM site is indicated by the M.

greatest cloud heterogeneity. Inspection of the GMS IR
equivalent heights and TRMM PR reflectivity indicates
that these are cases of midlevel convection in which
Manus (or Nauru) is near the edge of the precipitation

region. Despite these uncertainties in comparisons at a
single column we find that, although cloud inhomoge-
neity can result in differences on the order of 10% in
the measured fluxes, the model ed values generally agree
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Fic. 9. TRMM PR echo-top height (m) for 2225 UTC 9 Feb 1998. The location of the Manus ARM site is indicated by the M.

to within 20%, consistent with previous studies (Jensen
et al. 2002; Churchill 1992).

In order to gain more insights into the differences
between these categories, we calculated the convective
available potential energy (CAPE) from a sounding pre-
ceding each of the observations. Each sounding is sub-
ject to a rigorous data quality procedure by the ARM
instrument mentor, including visual inspection and a
comparison with microwave radiometer—integrated wa-
ter path observations. The CAPE is calculated, as de-
fined by Moncrieff and Green (1972),

CAPE = f g[(eu,p - Ov,env)/ev,env] dZ’

where g is the accelerations of gravity, 6, , isthe virtual
potential temperature of a parcel that is lifted from the
surface, 0, is the virtual potential temperature of the
environmental sounding, and the integration is taken
from thelevel of free convection to the equilibrium level
of the surface parcel.

Semilog plots of combinations of the CAPE, mean
difference between the radar echo top and the IR equiv-
alent cloud-top height, the storm-averaged modeled
cloud forcing, and the storm-averaged GMS visible al-
bedo are shown in Fig. 12. Although a greater number
of cases are needed to make statistically significant con-
clusions from these plots, some comments on the gen-
eral trends are warranted. In general, as the environ-
mental CAPE increases, the mean difference between
radar echo top and IR equivalent height increases (Fig.
12, upper left). There are three outliers (h, p, g) on this
plot for which GMS imagery indicates that at the time
of the TRMM overflight these cloud systems were in
an early growth phase and not yet at their mature phase.
As a storm evolves, we might expect CAPE to be con-
sumed while the cloud develops vertically and large ice
crystals sediment, which would imply a migration up
and to the left of Fig. 12a over the life cycle of the deep
convective system. There is also a general increase in
the modeled cloud forcing as the CAPE increases (with
the same three outliers and explanations; Fig. 12, upper
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Fic. 10. Comparison of the modeled upwelling broadband shortwave radiation at the TOA and observations from the CERES instrument
aboard the TRMM satellite for the 9 Feb 1998 midlevel convective case.
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TaBLE 2. Date, time (UTC), location, mean radar echo-top height, and IR equivalent cloud-top height of all cases during the time from
the launch of TRMM until 21 Dec 2000 in which the TRMM PR observed precipitation in the column over the Manus or Nauru Island

ARM sites.
Date Time Radar echo-top IR equivalent
Case (19/20Y YMMDD) (UTC) Location height (km) cloud-top height (km)
a 980209 2225 Manus 51 6.0
b 980328 2211 Manus 6.1 6.7
c 980404 0710 Manus 5.8 10.0
d 980620 0259 Manus 8.2 14.3
e 981203 0131 Manus 75 12.8
f 990209 0132 Manus 6.5 10.2
g 990718 0326 Manus 6.6 9.0
h 990726 2259 Manus 53 5.3
i 000525 2056 Manus 7.2 9.8
j 000601 0554 Manus 6.5 11.7
k 000624 0534 Manus 7.4 12.3
| 000825 2116 Manus 6.4 115
m 001130 0725 Manus 7.0 121
n 001215 2320 Manus 6.6 10.2
o] 001225 0617 Manus 6.2 10.7
p 990623 0301 Nauru 6.1 4.3
q 990720 0105 Nauru 6.2 8.2

right). For the lower two panels of Fig. 12, midlevel
cases and cases near sunrise and sunset are removed.
The albedo generally increases with both increasing ra-
dar echo-top height and an increase in the difference
between the radar echo-top height and the IR equivalent
cloud-top height (a proxy for the amount of small ice

1000 T T T T

crystals). A comparison of the radar echo-top height
and IR equivalent cloud-top height (not shown) indi-
cates that as the radar echo-top height increases (i.e.,
the convection strengthens), the thickness of the small
particle layer also increases and the shortwave albedo
increases. Comparing the lower panels of Fig. 12, we
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Fic. 11. Comparison of the modeled and measured shortwave cloud forcing (cloudy-sky flux subtracted
from the clear-sky flux) at the surface for Manus for the 17 cases summarized in Table 2. Only cases in
which precipitation was detected by the TRMM PR are included. The circles identify midlevel cases and the
+ indicate deep convective cases. The dotted lines represent =20% from the x = y line.
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FiG. 12. Scatterplots of (top left) INfCAPE(J kg—1)] vs mean difference between IR equivalent cloud-top
height and radar echo-top height (km), (top right) InfCAPE(J kg~*)] vs mean modeled relative solar cloud
forcing at the surface, (bottom left) mean radar echo-top height (km) vs storm-averaged visible albedo,
and (bottom right) mean differences between IR equivalent cloud-top height and radar echo-top height
(km) vs storm averaged visible albedo at the surface for the 17 cases summarized in Table 2.

note that there is a more direct correlation between the
thickness of the small particle layer and the albedo (Fig.
12; lower right) in comparison with the radar echo-top
height and albedo, which are not correlated below echo
heights of 7 km.

We hypothesize that there is a link between the en-
vironmental thermodynamic structure and the micro-

physical structure of convective systems. In cases of
low CAPE, the convection extends to midlevels and the
radar echo-top height and the IR equivalent height are
virtually the same, suggesting that the radar observes
the actual cloud top and that there is no layer of small
ice particles above the larger particles. In cases of high
CAPE, deep convective systems with connecting strat-
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iform regions develop with much colder cloud tops that
are higher than the radar echo tops. Thisregion between
the radar echo top and IR equivalent cloud-top height
is likely to be occupied by populations of small ice
crystals, which are an important contributor to the storm
albedo. Observationsfrom the TMI can be used to detect
the presence of precipitation-sized ice particles. Neshitt
et a. (2000) examine the ice-scattering signature of pre-
cipitation at 85.5 GHz, using the polarization-corrected
temperature (PCT) to define athreshold for the presence
of ice precipitation. They define PCT < 250 K to in-
dicate the presence of ice precipitation. For each of the
cases we have identified as midlevel, the PCT is greater
than 250 K over the entire storm with mean values
greater than 280 K, indicating a lack of ice phase hy-
drometeorsin the cloud. The deep convective caseseach
show PCT < 250 K for at least 10% of their area.

4. Sensitivity analysis

In order to test the sensitivity of our results to the
parameters in the set of Z-I/LWC relations, we compare
the modeled TOA upwelling fluxes with those measured
by the CERES instrument for the 20 June 1998 case
over a set of 26 different combinations of parameteri-
zations and assumptions for the IWC and LWC and an
additional 4 combinations for the 8 February 1998 case.
Table 3 summarizes the different parameterizationsused
in the cloud top, large ice particle, and rain regions of
the storm for each run. For the first five runs, the IWC
and particle sizesfor the cloud-top small-particleregime
(IR equivaent cloud-top height > z > radar echo
height) are varied, holding all other parameters constant.
The ranges of IWC for this region are taken from the
results presented in Fig. 6 and represent fits to the ex-
treme IWC values at the highest and lowest tempera-
tures. The profile of particle sizes has been taken to
range between the extremes of the particle size being
constant with temperature at the largest and then the
smallest size. In runs 6-11, the parameters of the Z—
IWC relationship and the mean particle sizes are varied
for radar range gates where z > freezing level and dBZ,
< 29. The range of parameters for the Z-IWC rela-
tionship represents conservative bounds to the regres-
sion fits of Z, versus IWC from Jensen et al. (2002) for
island-based tropical anvil systems observed during
MCTEX. Runs 12-18 examine the sensitivity to the
parameters of the Marshall-Palmer (1948) distribution.
The range of these parameters is taken to represent the
range of some classic Z-R relationships summarized by
Sauvageot (1992), including relationships derived for
stratiform (Marshall and Palmer 1948), thunderstorm
(Sekhon and Srivastava 1971), and snow (Sekhon and
Srivastava 1970) precipitation. The assumption of an
upper limit to the IWC is tested in runs 19-21 by ex-
tending the parameterization for dBZ, < 29 to higher
reflectivities. Runs 22-23 are control runsin which hy-
drometeor contents in various categories are set to zero
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in order to investigate the contributions to the shortwave
albedo in different particle sizes. Runs 24 and 25 test
the sensitivity to the calculation of single-scattering
properties in the radiative transfer model. Run 24 uses
Mie theory to calculate the asymmetry parameter, while
run 25 uses the parameterization of single-scattering
properties of ice crystals developed by Fu and Liou
(1993). Run 26 extends the freezing level to —35°C,
investigating the sensitivity to the transition from liquid
to ice. Runs 27-30 vary the mean particle size below
the freezing level for the 9 February 1998 case. If we
assume that the total LWC is dominated by raindrops
detected by the TRMM PR, then this set of tests ap-
proximates changing the fraction of the total LWC that
is contributed by smaller hydrometeors.

Figure 13 shows mean differences (+1 standard de-
viation) between the modeled and measured fluxes for
each of the 30 different variations of the sensitivity tests
summarized in Table 3. These results show that for the
20 June 1998 case, reflected solar flux is not very sen-
sitive to uncertainties in the number of large precipi-
tation particles above or below the freezing level. Rath-
er, these fluxes are most sensitive to changesin size and
number concentration of the ice crystals near the top of
the cloud, which are not detected by the TRMM PR.
The difference between runs 4 and 5 represents ap-
proximately 30% of the total upwelling solar flux; how-
ever, the particle size parameters for these runs represent
extreme unlikely profiles of particle sizes. Run 25 shows
that the use of parameterizations by Fu and Liou (1993)
for the single-scattering properties of ice crystalsresults
in arather modest difference in the mean upwelling flux
in comparison with our baseline case (~17 W m~2).
Because the Fu and Liou (1993), and other parameter-
izations like it, make assumptions about the particle
shapes and because in situ observations of ice crystals
from similar type storms (McFarquhar and Heymsfield
1996) identify the magjority ice particle shape as “‘in-
determinate,” we have chosen to use the more general
g = 0.7 as our baseline case.

The control runs present information on the relative
importance of the small and large hydrometeorsin de-
termining the shortwave albedo. Run 22 removes the
contribution of the large precipitation-sized particles
detected by the TRMM PR and calculates the short-
wave albedo assuming only the small particlesbetween
the radar echo-top height and the IR equivalent cloud-
top height are present. The presence of the small par-
ticlesaccountsfor all but 117 = 95 W m~2 of the mean
reflected shortwave radiation of 834 W m~2. Run 23
removes this layer of small particles and models the
cloud system using only those hydrometeors detected
by the TRMM PR. The modeled shortwave flux is 276
+ 219 W m~2 lower than the measured upwelling flux.
This indicates that both the large and small particles
must be included to calculate the cloud albedo with
any precision, the small particles seem to contribute
more to the reflection of shortwave radiation than do
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TasLE 3. Summary of the 30 different combinations of parameterization used in the sensitivity analysis of Fig. 11.

Case z > echo top and z > freezing level z > freezing level
No. z < IR cloud-top height and dbzZ, < 29 and dBZ, > 29 z > freezing level
1 IWC = 0.0032T + 0.3112, a = 0.001, b = 0.96, IWC = 25 g m3, a = 0.004, b = 0.55,
D, = Table1 D,, = 200 um D,, = 425 um D,, = 750 um
2 IWC = 0.0059T + 0.4518, Same as No. 1 Same as No. 1 Same as No. 1
D, = Table1
3 IWC = 0.0017T + 0.209, Same as No. 1 Same as No. 1 Same as No. 1
D, = Table1
4 IWC = 0.0032T + 0.3112, Same as No. 1 Same as No. 1 Same as No. 1
D,, = 220 um
5 IWC = 0.0032T + 0.3112, Same as No. 1 Same as No. 1 Same as No. 1
D, = 30 um
6 Same as No. 1 a = 0.003, b = 0.96, Same as No. 1 Same as No. 1
D,, = 200 um
7 Same as No. 1 a = 0.001, b = 0.25, Same as No. 1 Same as No. 1
Dm = 200 um
8 Same as No. 1 = 0.001, b = 1.25, Same as No. 1 Same as No. 1
Dm = 200 um
9 Same as No. 1 = 0.001, b = 0.96, Same as No. 1 Same as No. 1
Dm = 50 um
10 Same as No. 1 a = 0.001, b = 0.96, Same as No. 1 Same as No. 1
D,, = 150 um
11 Same as No. 1 a = 0.001, b = 0.96, Same as No. 1 Same as No. 1
D,, = 250 um
12 Same as No. 1 Same as No. 1 Same as No. 1 a = 0.002, b = 0.55,
D,, = 750 um
13 Same as No. 1 Same as No. 1 Same as No. 1 a = 0.006, b = 0.55,
D,, = 750 um
14 Same as No. 1 Same as No. 1 Same as No. 1 a = 0.004, b = 045,
D,, = 750 um
15 Same as No. 1 Same as No. 1 Same as No. 1 a = 0.004, b = 0.65,
D,, = 750 um
16 Same as No. 1 Same as No. 1 Same as No. 1 a = 0.006, b = 0.55,
D,, = 500 um
17 Same as No. 1 Same as No. 1 Same as No. 1 a = 0.006, b = 0.55,
D,, = 250 um
18 Same as No. 1 Same as No. 1 Same as No. 1 a = 0.006, b = 0.55,
= 100 um
19 Same as No. 1 Same as No. 1 = 0.01, b = 0.96, Same as No. 1
D = 425 um
20 Same as No. 1 Same as No. 1 = 0.01, b = 0.96, Same as No. 1
= 200 um
21 Same as No. 1 None Same as No. 1 None
22 Same as No. 1 None None None
23 None Same as No. 1 Same as No. 1 Same as No. 1
24 Same as No. 1, but using Mie theory for single-scattering properties

25 Same as No. 1, but using Fu and Liou (1993) parameterizati

26 Same as No. 1, but allowing liquid water to exist to —35°C

Model runs for 8
27 IWC = 0.0032T + 0.3112, a = 0.001, b = 0.96,

D,, = Table 1 D,, = 200 um
28 Same as No. 26 Same as No. 26
29 Same as No. 26 Same as No. 26
30 Same as No. 26 Same as No. 26

ion for single-scattering properties

Feb 1998 case

IWC = 25gm5, a = 0.004, b = 0.55,

D,, = 425 um D,, = 750 um
Same as No. 26 a = 0.006, b = 0.55,

D,, = 500 um
Same as No. 26 a = 0.006, b = 0.55,

D,, = 250 um
Same as No. 26 a = 0.006, b = 0.55,

D,, = 100 um

the large particles; however, the difference is not out-
side the bounds of the variation within the cloud sys-
tem. This seems to support the results of McFarquhar
and Heymsfield (1997) who conclude from observa-
tions of anvilsin different parts of the tropical Pacific
that the large precipitation particles in the lower parts
of tropical cirrus anvils are equally important to the

small ice crystals near cloud top in producing high
shortwave albedos.

Runs 26-29 indicate that for the midlevel cases, our
results are rather sensitive to the portion of the LWC
contributed by small cloud droplets. Thisis not an un-
expected result and suggests the importance of under-
standing the contributions of cloud and precipitation
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Fic. 13. Modeled TOA upwelling flux — CERES-measured TOA upwelling flux (solar = X, IR = O) for a set of 30 different combinations
of parameterizations and assumptions for ice water content for the 0259 UTC 20 Jun 1998 deep convective case. The X/O represent the
mean of this difference over al raining pixels. The bar represents +1 standard deviation.

particles to the total liquid water content if we are to
improve the description of radiativetransfer calculations
in these clouds.

5. Heating rates

The results of the radiative transfer cal culations show
reasonable agreement with measurements at the TOA
and at the surface. Although thisisanecessary condition
for proving the accuracy of the derived cloud properties,
it is not sufficient to determine a unique or necessarily
correct cloud property profile. From the model results,
we can only conclude that the parameterized cloud prop-
erties are consistent with the measured radiative fluxes.
With this caveat in mind, we calculate radiative heating
rate profiles implied by the hydrometeor distributions
associated with our baseline parameter settings.

Figures 14a—b shows the storm-averaged shortwave
and longwave heating rates for a midlevel convective
(980209) and a deep convective case (980620). Only
pixels with TRMM radar-observed precipitation are in-
cluded in the average. These cases are chosen for il-
lustration because they are the examples nearest local
noon and, therefore, have the greatest impacts on the
solar energy budget. The midlevel convective case has
a maximum longwave cooling of ~9.5 K day—*, and a
maximum solar heating of ~4 K day~* at the freezing
level (~5 km), just below the mean IR equivalent cloud-
top height (5.6 km). The deep convective case shows

larger shortwave heating and longwave cooling higher
in the atmosphere associated with cloud top in com-
parison with the midlevel convection. The mean cloud-
top longwave cooling is 14.1 K day —* and mean cloud-
top shortwave heating is 14.6 K day—* at a height of
~14 km, such that there is a net radiative heating near
cloud top. At cloud base there is also a net radiative
heating with longwave heating on the order of 7.5 K
day—*. The large difference in radiative heating profiles
in the deep and midlevel convective cases is the result
of a difference in cloud-top height and a difference in
cloud optical depth. Mean shortwave optical depths for
the deep convective cases range between 7 = 54 and 7
= 99, while for midlevel convective cases 21 < 7 <
31. The net effect of the dipole pattern of heating/cool-
ing in the midlevel convection is to radiatively desta-
bilize the cloud-top region. For the deep convective cas-
es, on the other hand, the bimodal net heating pattern
destabilizes both the cloud top and anvil base while
stabilizing the interior of the anvil.

The sensitivity analysis in Fig. 12 shows that there
is a relatively small change in the modeled upwelling
shortwave flux at the TOA when the single-scattering
properties are changed from g = 0.7 to the parameter-
izationsof Fuand Liou (1993). However, Fig. 14c shows
that there is a sensitivity to the shape of the shortwave
heating rate profile. When using the parameterization
from Fu and Liou (1993), the maximum heating rate is



1252

JOURNAL OF APPLIED METEOROLOGY

VOLUME 42

20 -
18} {7/ (b)980620 -

16

14

-
N

height(km)
=)

20 " :
18t (2)980209 H
161 1
14+ 1
12
IS
=
< 10
Ry
2
8 -
6.. ~ N 4
<
4t :- ]
S
2t ) .
A
0 A Ay L
-10 -5 0 5 10
heating rate(K/day)
20 T T T
18+
16
14
12
IS
=
£10
2
2
8
6
4
2
0 . . N
0 10 20 30

40 50 60 70

shortwave heating rate(K/day)

Fic. 14. Modeled shortwave (dashed), longwave (dotted), and total (solid) radiative heating for (a) a
midlevel convection case at 2225 UTC 9 Feb 1998 and (b) a deep convective case at 0259 UTC 20 Jun
1998. (c) Modeled shortwave radiative heating for 0259 UTC 20 Jun 1998 using asymmetry parameter of
0.7 (solid) and using the parameterizations of Fu and Liou (1993) (dashed).

increased threefold. In reality, the true heating rate pro-
file probably lies between these two curves.

The radiative flux convergence represents the radia-
tive energy deposited into the atmospheric column and
can be calculated using the equation

Fnet = (Fdown - - (Fup - chywn)sfc’

For clear skies, there is a net divergence of longwave
radiation representing a net cooling of the atmospheric

Fup)TOA

column to space. For the 17 cases investigated in this
study, the clear-sky longwave flux convergence ranges
between —310 and —280 W m~2. The presence of a
cloud in the atmospheric column will generally result
in adecrease in the upwelling longwave flux at the TOA
and an increase in the downwelling longwave flux at
the surface. Because the water vapor content is very
high in the lower tropical atmosphere, longwave optical
depth is already very large, and the addition of cloud
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particles has only a minor effect on the emitting tem-
perature of the lower atmosphere. The net result is a
decrease in the longwave cooling of the atmospheric
column. There is a distinct difference between the ra-
diative flux convergence of deep convection and that of
midlevel convection. For the midlevel convective cases,
the mean longwave flux convergence ranges from —202
to 212 W m~2. For the deep convective cases, the long-
wave flux convergence ranges between —60 and —137
W m~-2. The longwave radiative cooling is greatly re-
duced because of the low-emission temperature of the
anvil cloud tops.

The comparison of the shortwave flux convergence
is complicated by a much more pronounced diurnal cy-
cle with the greatest deposition of energy at local solar
noon. The shortwave flux convergence ranges between
167 and 242 W m~2 for the midlevel convection and
between 46 and 287 W m~2 for the deep convective
cases. However, if we normalize the flux convergence
by dividing by the downwelling shortwave flux at the
surface for clear-sky conditions, we find that the short-
wave flux convergence, or the shortwave flux deposited
into the atmospheric column, is equal to 20%—-32% of
the clear-sky flux at the surface for both deep and mid-
level convective cases. Therefore, increasing convection
depth implies decreasing net radiative cooling of the
atmosphere.

To evaluate the relative importance of radiative heat-
ing in tropical anvils compared to latent heating, we can
compare the calculated radiative heating rate profiles
with studies of the large-scale apparent heat source Q,
for tropical convective systems. Here, Q, is the sum of
the latent heating, radiative heating, and eddy flux trans-
ports of heat and moisture (Yanai et al. 1973). The strat-
iform region of a tropical mesoscale convective system
is characterized by heating due to condensation above
the freezing level and cooling due to melting and evap-
orating below the freezing level, while the convective
region shows heating by condensation through the depth
of the troposphere (Houze 1989). Lin and Johnson
(1996) diagnostically determine profiles of Q, for con-
vective systems observed during the Tropical Ocean and
Global Atmosphere Coupled Ocean—-Atmosphere Re-
sponse Experiment (TOGA COARE). They show pos-
itive latent heating through the depth of the troposphere
with a single maximum of ~30 K day ~* at a height of
7-8 km. A comparison of this profile with Figs. 14a
and 14b shows that, for deep convective cases, the net
radiative heating maximum is located higher in the at-
mosphere than the peak Q, but is of a magnitude of
70%—90% less than the total Q,. Therefore, near solar
noon, the radiative heating in deep convective anvils
may contribute as much as 30% of the total Q,. If this
comparison were to be repeated using the parameteri-
zation of ice crystal single-scattering propertiesfrom Fu
and Liou (1993), Fig. 14c, the relative importance of
the radiative heating in comparison with latent heating
would be even larger.
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6. Conclusions

The broadband radiative characteristics for a total of
17 precipitating regions observed by the TRMM sat-
ellite over the Manus or Nauru Island ARM sites were
modeled. These cases represent both deep convective
and midlevel convective cases. We are able to model
the TOA and surface broadband radiative fluxesto with-
in 10%-20% of the values observed by CERES over
the precipitating regions of deep convective systems.
These modeled fluxes are most sensitive to the choice
of cloud particle sizes below the detectability threshold
of the TRMM PR and are relatively insensitive to the
parameters of the Z-IWC relationships describing the
large hydrometeors in the precipitating regions of the
cloud.

The results suggest a relationship among the envi-
ronmental thermodynamics, the probable cloud micro-
physics, and the cloud radiative forcing. When envi-
ronmental CAPE is large, there is the opportunity for
deep convective clouds with extended anvil decks con-
taining deep layers with small ice crystals with large
optical thicknessto form. Thisresultsin shortwave heat-
ing and longwave cooling associated with cloud top at
heights of 12-14 km. When environmental CAPE is
small, convective clouds extend only to midlevels (4—
7 km) and do not develop a deep layer of small ice
crystals. Cloud-top radiative heating and cooling in
these cases is maximum near the freezing level. If this
relationship between environmental thermodynamics
and cloud forcing by convective clouds is found to be
consistent in a statistically significant number of cases,
the environmental CAPE may be useful as a constraint
on the upper limit of cloud forcing by convective clouds
in the Tropics.

Our investigation of the sensitivity of the modeled
shortwave albedo to different combinations of the pa-
rameterized cloud microphysics showed that our results
are most sensitive to the prescribed sizes of cloud ice
below the detectability threshold of the TRMM PR. The
control runs of our sensitivity analysis suggest that in
order to explain the high albedos of these tropical deep
convective we must include both the large precipitation
particles that are detected by the TRMM PR and the
smaller ice particles near cloud top that go undetected.
This seems to support the findings of McFarquhar and
Heymsfield (1997), who placed equal significancein the
production of high albedos on the large particles in the
lower regions of the cloud.

The description of the energetics associated with deep
convective anvil systemsis often considered to be dom-
inated by latent heating effects, such that the radiative
impacts of these systems are neglected or considered to
be equivalent to atropical clear- or all-sky mean value.
A comparison of the radiative heating profiles cal culated
in this study with latent heating profiles from previous
studies shows that, for cases of mature deep convection
near local solar noon, the maximum radiative heating
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is on the order of 10%-30% of the maximum latent
heating in deep convective storms. However, the max-
imum radiative heating is generally located higher in
the atmosphere, near cloud top, in comparison with the
maximum |latent heating and also produces an additional
maximum near anvil base. Therefore, studies of the en-
ergetics or dynamics of tropical anvils must take into
account the role of radiative processes.
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